Vegetative cells of Azotobacter vinelandii contain a system of intracytoplasmic membranes in the form of numerous internal vesicles. The three-dimensional morphology of these internal vesicles was established by an examination of stereopair electron micrographs of negatively stained cells. The vesicles assumed a variety of forms ranging from nearly spherical units to short, curved tubules. These structures were found at the periphery of the cytoplasm, subjacent to the cytoplasmic membrane. Large flattened cisternae were also present in some cells. The amount of intracytoplasmic membrane varied widely even among individual cells from the same culture. The total surface area of the intracytoplasmic membranes was greater than that of the cytoplasmic membrane in many cells. To assess the possible association of cytochrome oxidase activity with the intracytoplasmic membranes, enzyme localization experiments were conducted with the cytochemical substrate 3,3'-diaminobenzidine. The results showed that a cyanide-sensitive cytochrome oxidase activity is located at the intracytoplasmic membrane. The quantity of cytochrome oxidase activity present in the internal membranes is probably less than that present in the cytoplasmic membrane.
Vegetative cells of Azotobacter vinelandii contain a system of intracytoplasmic membranes in the form of numerous internal vesicles. The three-dimensional morphology of these internal vesicles was established by an examination of stereopair electron micrographs of negatively stained cells. The vesicles assumed a variety of forms ranging from nearly spherical units to short, curved tubules. These structures were found at the periphery of the cytoplasm, subjacent to the cytoplasmic membrane. Large flattened cisternae were also present in some cells. The amount of intracytoplasmic membrane varied widely even among individual cells from the same culture. The total surface area of the intracytoplasmic membranes was greater than that of the cytoplasmic membrane in many cells. To assess the possible association of cytochrome oxidase activity with the intracytoplasmic membranes, enzyme localization experiments were conducted with the cytochemical substrate 3,3'-diaminobenzidine. The results showed that a cyanide-sensitive cytochrome oxidase activity is located at the intracytoplasmic membrane. The quantity of cytochrome oxidase activity present in the internal membranes is probably less than that present in the cytoplasmic membrane.
Vegetative Azotobacter vinelandii cells contain characteristic membranous vesicles whose functions are not clearly understood (13, 14, 20) . Wyss et al. (20) (15) , who found that the internal membrane network is present in both dinitrogen-and ammoniagrown cells. Instead, they noted an apparent relationship between oxygen-limiting conditions and enhanced synthesis of internal membranes.
The specific function of a subcellular structure may be identified by its association with a unique enzyme system. Ultrastructural localization of an enzymatic activity is made feasible by the use of reaction product deposition methods of enzyme cytochemistry. These techniques involve deposition of an enzyme product at intracellular locations of the protein when a suitable substrate is provided. This deposition provides a map of the enzyme locations within bacterial cells (2) . We used the substrate 3,3'-diaminobenzidine (DAB) in a reaction medium selective for the demonstration of cytochrome oxidase to determine that the ICMs of A. vinelandii were sites of respiratory activity. To determine the extent of these ICM vesicles and their spatial associations with the CM, we analyzed stereopair images of negatively stained whole cells.
MATERIALS AND METHODS Organism and cultivation. A. vinelandii ATCC 12837 cultures were grown in 60-ml volumes of modified Burk nitrogen-free medium containing 1% glucose (17) . The cultures were shaken on a gyratory shaker at 180 rpm and 32°C in 300-ml flasks having baffles for increased aeration. After 12 to 14 h of incubation, these cultures were in the exponential phase of growth, and the cells were harvested by centrifugation at 2,000 x g for 10 min at room temperature. Subsequent procedures were also carried out at room temperature, except for polymerization of epoxy.
Visualization of internal vesicles. Before centrifugation, cells were collected and adsorbed onto Parlodion-coated carbon grids for preparation of negative stains. The grids were treated with 1% phosphotungstic acid (pH 7.0) and examined at 80 to 100 kV in a JEOL/JEM 100CX electron microscope. Interpretation of the three-dimensional structure of the internal vesicles was made by viewing stereopair micrographs.
For visualization of the vesicle lumena in thin sections, cells harvested by centrifugation were fixed for 30 min with 1% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) and washed several times in 0.1 M cacodylate buffer containing 5% sucrose. The aldehyde-fixed cells were incubated for 2 h in a DAB-hydrogen peroxide medium adapted from the method of Novikoff and Goldfisher (12) . Our incubation medium consisted of 20 mg of DAB, 8.9 ml of 0.1 M cacodylate buffer (pH 7.4), 1 ml of 0.05 M manganous chloride, 0.1 ml of fresh 0.1% hydrogen peroxide, and 10 mg of cytochrome c. After incubation, the cells were washed twice in the incubation buffer, postfixed for 1 h in 1% osmium tetroxide, and washed twice again in the same buffer. The cell pellet was mixed with 0.8 ml of 9% serum albumin in 0.1 M cacodylate buffer and 0.2 ml of 5% glutaraldehyde and then centrifuged. This mixture was allowed to harden for 1 h, and the solidified pellet was cut into small (1-mm3) blocks. The blocks were washed in distilled water, dehydrated in a standard ethanol series, embedded in a mixture of Epon and Araldite epoxy resins (11) , and polymerized at 60°C.
Cytochemical localization of cytochrome oxidase. Cells were fixed for 30 min with 1% glutaraldehyde in 0.05 M sodium phosphate buffer (pH 7.2) containing 1% glucose and then washed twice in the phosphate-buffered glucose. For the selective demonstration of cytochrome oxidase activity, cells were incubated for 30 min in a medium containing 5 mg of DAB and 50 mg of glucose dissolved in 5 ml of 0.05 M sodium phosphate buffer (pH 7.2) (1). Samples designated as controls were incubated in phosphate-buffered glucose only. The cytochemical reaction was also performed after inhibition of cytochrome oxidase activity with 1.0 mM KCN. After incubation, the cells were washed in buffer, postfixed for 1 h in 1% osmium tetroxide in the same buffer, and then rinsed several times in distilled water. Each sample was enrobed in serum albumin, dehydrated, and embedded as described above.
Electron microscopy. Thin sections were poststained with uranyl magnesium acetate followed by lead citrate and viewed in a Zeiss EM-10 electron microscope at 60 kV.
Unstained thin sections of each preparation for enzyme cytochemistry were also examined for sites of reaction product deposition. For calculation of ICM/CM ratios, we selected medial thin sections of cells having numerous internal vesicles. Measurements of perimeters were made on 100,000x enlargements with a Zeiss MOP-3 image analyzer. RESULTS Negatively stained preparations. The internal vesicles of A. vinelandii were clearly evident in many cells stained with phosphotungstic acid (Fig. 1) . Although approximately onethird of the population consisted of cells with large amounts of ICM, organisms that apparently lacked ICMs or contained only minute visicles made up a more substantial portion of the culture. The ICMs were found in a variety of vesicle shapes ranging from small, roughly spherical structures to elongated, tightly curved tubules. Large flattened cisternae with complex shapes were also present in some cells. The tubular vesicles became coiled and convoluted in cells having the most extensively developed ICMs, but no branching vesicles were found.
Although vesicles were located at the extreme periphery of the cell, cisternae, when present, were more centrally located. The vesicles originated from positions over the entire inner surface of the cell membrane and extended into the cytoplasm. The ICMs formed an array of discrete vesicles rather than an interconnecting network of anastomosing tubules. Individual vegetative cells that contained more than 500 separate vesicles were found.
Thin-section profiles of internal vesicles. In cells that were (19) . VOL. 159, 1984 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from incubated in the DAB-hydrogen peroxide medium, the reaction product was trapped within the periplasmic spaces and vesicle lumena (Fig. 2) . These spaces were so darkly stained by osmium tetroxide that internal vesicles were readily identified as dark projections from the CM. The reaction product in the vesicle lumen was continguous with that in the periplasmic space, indicating that the two compartments maintained communication. The measured width of vesicles was from 35 to 45 nm. These values closely represented their true diameters because the vesicles were smaller in this dimension than the section thickness (60 to 90 nm). Section profiles were unreliable indicators of vesicle lengths, however, as the distal ends of tubular vesicles were often curved into or out of the plane of the section. Although cisternal elements were found less frequently, the profile appearance of the ICMs correlated well with the organization of vesicles observed in negatively stained whole cells. The ICM/CM ratio, calculated from direct measurements of the perimeters of the visualized vesicles, was found to be 1.4 for cells having a large number of vesicles.
Enzyme cytochemistry. The intensity of the cytochemical reaction was evaluated by comparison of unstained thin sections of substrate-treated (glucose plus DAB) and control (glucose alone) cells. In substrate-treated cells, cytochrome oxidase activity produced an amorphous, electron-dense precipitate which surrounded the entire cell (Fig. 3) . This precipitate was found predominantly in the cell envelope, but small amounts were also apparent on the internal vesicles. In control cells, the internal vesicles were generally evident only as vague, electron-transparent vacuoles in the peripheral zone of the cytoplasm (Fig. 4) . Cells incubated in buffered glucose without substrate lacked any precipitate indicative of cytochrome oxidase activity. Frequently, however, several small, dense bodies, previously observed in A.
vinelandii (13, 20) , were seen at central locations in the cells.
Inhibition of cytochrome oxidase activity with KCN eliminated the appearance of precipitate on the membranes of substrate-treated cells.
Poststained thin sections were examined to identify the ultrastructural locations of the reaction product. Much of the periplasmic space was filled by deposits of precipitate apparently produced by cytochrome oxidase activity of the CM (Fig. 5) . Visualization of the vesicle membranes was en- hanced by the presence of precipitate on many of the ICMs (Fig. 5a ). In cells pretreated with the inhibitor KCN, the cell envelope and internal vesicles lacked this characteristic electron density even in poststained preparations (Fig. 6) . The ICMs in these cells were indistinct because of the absence of staining by the reaction product. DISCUSSION Although bacteria are usually considered noncompartmentalized cells (2) , specialized enzyme systems may be associated with distinct subcellular structures. For example, this type of association is well established for the photosynthetic ICMs of R. rubrum (5) (6) (7) and Rhodopseudomonas palustris (18) . The azotobacters are physiologically unusual in their capacity to fix dinitrogen under aerobic conditions and because they exhibit extremely high respiratory rates (8) . The spatial relationships between the enzyme systems that are responsible for these activities and the ICM are unclear. The objective of our study was to characterize the structure and respiratory function of the internal vesicles.
We found that the amount of ICM was a highly variable characteristic among individual cells in the same nitrogenfixing culture. Many cells had only small vesicles or no vesicles, whereas others possessed extensive ICMs in a system of complex tubules. The reasons for this observation are not explained by our data. Possible causes include differences in lCM content in cells at various developmental stages, leading to encystment and the presence of multiple strains within the culture. Although indirect morphometric methods that would permit quantitation of the surface density of these ICMs are available, we used a simpler and less precise method of direct measurement of the perimeters of section profiles of vesicles (16) . The technique provided a valuable estimate of the ICM/CM ratio. The true surface area of the ICMs in a cell was probably underestimated because of deviations of the vesicle shapes from perfect spheres. More importantly, the measurements were not representative of all cells in the culture, as the sample population was biased to include only those cells with abundant vesicles. In these cells, the amount of ICM surface area was clearly in excess of the CM surface area. This result was supported by our observation that many cells in negatively stained preparations contained an enormous number of internal vesicles.
Oxidation of DAB has been used extensively for the fine structural localization of oxidoreductases (3) . A limited specificity for the enzyme catalyst is the major problem with the DAB techniques unless fixation and incubation conditions are properly selected. The large amounts of reaction product that we found in cells incubated for a prolonged period in the DAB-hydrogen peroxide medium (Fig. 2 ) may have been generated by several oxidoreductases simultaneously (1) and also by nonenzymatic reactions (4) .
The conditions used in our experiments for the localization of cytochrome oxidase (Fig. 3-6 ) are known, however, to be selective for the demonstration of mitochondrial cytochrome oxidase in perfusion-fixed (1.5% glutaraldehyde) rat liver (1) . Indirect evidence suggests that this cytochrome oxidase medium is also specific for the A. vinelandii terminal oxidases. Jurtshuk et al. (9) showed that DAB is readily oxidized by an A. vinelandii cytochrome oxidase in whole cells and in cell-free extracts, most notably in the electron transport particle. This activity is markedly sensitive to KCN, NaN3, and NH20H, classical inhibitors of cytochrome oxidase. We found that the cytochemical reaction with this substrate was eliminated by pretreating the cells FIG. 6 . Inhibition of cytochrome oxidase by KCN treatment. Note the poorly defined margins of the internal vesicles and the lack of precipitate between cell envelope layers. The sections were poststained with uranyl magnesium acetate followed by lead citrate. Bar, 1.0 ,um. with KCN. This inhibitor reacts spectrally with cytochrome o (21) and cytochrome d (10) , two of the cytochrome oxidases of A. vinelandii.
Our cytochemical data showed that cytochrome oxidase activity was present not only in the CM but also in the ICMs. Additional cytochrome oxidase activity in the ICMs may somehow increase the efficiency of oxygen utilization in the cell, thus permitting prolongation of exponential growth under oxygen-limiting conditions. This possible role is supported by the observation of Pate et (13) . The internal vesicles may compartmentalize a respiratory system devoted to oxygen scavenging, as the generation of the DAB reaction product by cytochrome oxidase does not require the electron transport system to be coupled to ATP synthesis.
